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Abstract The current climate and energy context is triggering the massive deployment of solar energy
technologies in the short term. As a consequence, the number of Photovoltaic (PV) systems that will be set
up in urban areas will drastically increase. Such large-scale integration must be guided by careful
consideration of a diverse set of criteria, including energy resources and demand, as well as socio-economic
and environmental factors. In this paper, a decision aiding approach is introduced to rank a set of buildings
based on their suitability to host photovoltaic systems in the particular case of urban environments. The
study takes place in the context of a Franco-Swiss project covering the Grand Genève (Greater Geneva)
agglomeration. A list of decision criteria is defined and the ELECTRE III outranking method is used to solve
the problem and provide efficient ranking of the different solutions.
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1 | INTRODUCTION
Since the beginning of the 21st century, increasing concerns regarding the consequences of
emerging climate change have led to a rethinking of the generation and consumption of energy as
well as the management of local resources. During the COP 21 held in Paris in 2015, the nations of
the world made commitments to reduce their Green-House Gas (GHG) emissions. These goals would
for the most part be achieved through a decrease in overall energy consumption and the
replacement of carbon-emitting fossil energy resources with renewable energy generation capacity
(IPCC, 2019), such as solar, wind, hydro and geothermal energy. Among the numerous sources of
renewable energy to have been exploited, solar energy is particularly interesting thanks to its
abundance and relatively easy deployment, and for this reason the sector is expected to enjoy a
tremendous acceleration in implementation (International Energy Agency, 2017).
The potential of solar energy is not exclusively related to the collection and use of solar radiation.
Indeed, the energy produced by the sun is responsible for a great amount of the other energy
resources available on earth. For example, the use of plant biomass and fossil fuels is an indirect use
of solar energy after their being transformed through physical and biological processes, the latter
requiring over millions of years. The sun also heats the earth’s surface, generating natural convection
currents that lead to the largescale atmospheric motions that cause winds to appear and thus, wind
power (Garg, 2000). However, when considering solar energy as a resource, the reflection is generally
limited to the direct collection and conversion of solar radiation. From now on, this renewable
harnessing of solar radiation will be referred to more succinctly as solar energy.
Solar energy has the great advantage of being a widely distributed energy source, available
throughout most of the world, with a variability depending first and foremost on latitude. Whereas at
the equator variability is dominated by the daily cycle, the closer one gets to the North and South
poles, the more seasonal variation becomes important. Nevertheless, most inhabited regions receive
solar energy on a daily basis, which is modulated depending on the season. Two main strategies have
been adopted to harness solar energy: solar energy is either collected to produce heat through solar
thermal solar systems or through PhotoVoltaic (PV) systems (also called PV panels) to generate
electric power (Garg, 2000). Concentrated Solar Power (CSP) also generates electricity through steam
turbines. In this paper, the focus will be on PV electricity production.
Energy generation by means of PV technologies has undergone a sustained and accelerated
expansion since its commercial development a few decades ago. In 2019, it has been estimated that
it represented 2.6% of the worldwide production of electricity (PVPS, 2019). In 2018, for Switzerland
and France, PV power generation (PVPS, 2019) respectively amounted to 3.6% and 2.2% of the share
of the total electricity consumption of the country.
Different PV technologies exist (NREL, 2019), but the more common and mature technologies
(crystalline silicon) have an energy conversion efficiency ranging from 15 to 22%. There are many
characteristics inherent to PV systems, from the manufacturing of PV cells to the management of
the electricity that is generated. The focus of the present work is the problem of the integration and
deployment of the PV system.
There are two main ways to increase the PV inventory of a given region: either power capacity can
be concentrated into utility scale solar farms installed in rural areas, or PV systems can be integrated
into the built environment. Solar farm deployment requires considerable land utilization and can be
in conflict with agriculture or efforts to preserve the biodiversity (Palmas et al., 2015). In contrast,
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urban PV systems are implemented onto building surfaces and offer the further advantage of
providing energy in close proximity to where it is needed. In the context of the deployment of PV
systems, both these strategies are adopted in parallel, but in the present work, the focus will be on
the implementation of PV in urban environment.
An urban landscape is a complex environment for PV deployment. This is due to several factors:

•

Cities are by definition densely populated areas in which the human factor is crucial. This implies
that different layers of complexity relative to the social, the environmental or the well-being
aspects of the population need to be considered.

•

In cities, building ownership is relatively complex. Implementation of PV systems in the urban
environment relies on the availability of building surfaces, and therefore their implementation is
directly impacted by local ownership.

•

Integration and installation of PV systems cannot be achieved without considering other buildings
and their inhabitants (shadowing, aesthetics, right to natural light), energy grid managers, local
policy frameworks, etc.

•

PV systems have a certain cost, and this can be a limiting factor, so the choice of their location
must be handled carefully.

Consequently, it appears that the Implementation of PV systems in an urban environment is a problem
to be treated on a case-by-case basis, wherein a wide range of factors must be evaluated in order to
select the most suitable roofs to be equipped with PV panels. In this paper, it will be shown how a
Multi-Criteria Decision Aiding (MCDA) analysis can be used to address this problem, and in particular
the ELECTRE III method (Roy, 1990, 1968).
The case of the Grand Genève agglomeration is considered. Indeed, the agglomeration is undergoing
a large-scale deployment of PV in its urban areas and thus represents an opportunity to illustrate
the developed methodology.
In this paper, an original decision aiding approach is introduced for the deployment of a PV system.
The MCDA methodology is first described in a general context. Then, the case study of the Greater
Geneva agglomeration is presented and the problem is exposed with particular attention paid to the
decision criteria as well as the different actors involved in the decision process. The decision problem
is then solved and the results of the multi-criteria problem is presented and discussed. Finally, the
perspectives of the current work are illustrated.
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2 | MCDA FOR URBAN PV DEPLOYMENT
2.1 The relevance of MCDA
As mentioned previously, the determination of solar energy potential at an urban territory scale is a
complex problem. First of all, a precise geometric description of the city must be provided in order
to calculate local solar resource distribution. In practice, the methods that are used in order to select
the most adequate roofs to host PV systems are mainly governed by naive individual approaches,
the goal being to minimize the environmental footprint for a limited financial cost.
Early uptake of urban PV was restrained to a narrow range of actors, who may be considered
experienced early-adopters. However, given the massive deployment of solar energy in urban areas,
motivated by the perceived environmental emergency and its inherent social and political pressures,
the paradigm has changed to one entailing a vastly more widespread implementation. These actors
can be for example start-ups, established businesses, civilians, civil associations, architects or cities
themselves. Considering the complexity of the urban environment, the need for a massive
deployment of PV systems and the multiplication of the different actors interested in this deployment,
it would appear that the empirical approaches typically used at present will become insufficient at a
larger scale of deployment.
In this new context, it becomes necessary to develop a new approach to help the decision process
to solve this type of problem. A new methodology should address the following considerations:
• Accessibility of the tool to different levels of expertise, as well as to the different stakeholders,
• Transparency and traceability of the decisional process,
• Reproducibility of the approach for different inputs of the problems and later on, an opportunity
to systematize the approach in order to implement it at large scale.
These points can be dealt with by considering the use of Multi-Criteria Decision Aiding (MCDA)
methods.
In a MCDA context, the problem of the implementation of PV systems in the urban environment can
be seen as a ranking problem which can be dealt with tools such as outranking methods (Bouyssou,
2009). These methods help decision-makers to rank the potential solutions.
There are many different methods which have been developed to assist with MCDA in urban energy
related decision problem (Cajot et al., 2017). Among them, the ELECTRE III outranking method was
considered as adequate for the present study, as it is a robust and mature method which is commonly
used for territory related MCDA problems (Govindan and Jepsen, 2016).
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2.2 ELECTRE III method
The outranking methods allow the Decision Maker (DM) to rank a given set of actions (in our case
the roofs of a given part of the Geneva agglomeration) by making pair-wise comparisons between
the considered action. The ELECTRE family methods (Roy, 1990) are the most used in the MCDA
application areas (big projects, human resources, industries and services…).
The ELECTRE methods are close to human reasoning. For a pair of actions a and b, the used
comparison relations are:

•
•
•
•

the outranking one noted aSb that means action a is at least as good as action b,
the strict preference one noted aPb i.e. aSb and not bSa,
the indifference one noted aIb that means, aSb and bSa,
the incomparability one noted aRb that means not aSb and not bSa.

The ELECTRE III method supplies a partial pre-order of all the potential actions where the pairs of
actions can be indifferent or incomparable. Deducing the preference relation on every action pair
knowing their description by numerical values facilitates the comparisons. In this sense, mathematical
rules (Figueira et al., 2012) allow the DM to establish a preference model on the set of actions. The
mathematical rules involved in ELECTRE III concern:

•

the definition of the thresholds for each criterion cj; the indifference threshold qj, the strict
preference threshold pj and the veto threshold vj,

•
•

the weights wj representing the criterion’s relative importance in the decision-aiding process,
the definition of the preference relation by the computation of the concordance index noted c(a,b)
ranging from 0 to 1, which reflects the arguments to favor a instead of b and the discordance
index noted d(a,b) ranging from 0 to 1 which reflects the argument strongly against a instead of
b; moreover a credibility index, ranging from 0 to 1, informs on the confidence of the pair-wise
comparison (a,b). It is expressed by the reduction of the previous indexes and reinforces the
outranking relation knowing a predetermined threshold (of credibility) noted λ,

•

a mechanism of distillation using these indexes to identify the correct preference relation for a
given pair-wise of actions and consecutively the partial pre-order of the potential actions.

The outranking fuzzy relation is based on the previous indexes (Figueira et al., 2013). So, the
outranking can be considered with a degree of certainty, expressed by the index of credibility which
reinforces the piece of information about the rank. The method requires DM’s knowledge for both
the model parameters identification (thresholds, weights) and the aggregation mechanism
understanding. Finally, the results can be given thanks to the Hasse diagram graph (Skiena, 1991).
Complementary analyses such as the weights, thresholds or descriptive vectors sensitivity can be
made. Interested readers can find more information about the indexes computation in (Figueira et
al., 2005; Roy, 1990).
A recent open-source webservice, diviz, developed by the Decision Deck Consortium, allows users
to implement the ELECTRE III methods under the form of a workflow. In Figure 1, the main steps of
the process are presented (data recording, data conversion, concordance, discordance and
credibility processing, order relation displaying). Finally, it provides the partial pre-order results.
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Figure 1 diviz implementation

Subsequently, the different steps of the ELECTRE III methodology are:
• To describe the decision problem
• To identify the decision maker(s)
• To define the set of considered alternatives
• To define the set of criteria
• To define the ELECTRE III preference model
• To rank the alternatives
These steps are addressed for the case of the Greater Geneva in the following section.
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3 | CASE STUDY
3.1. Context of the study
Greater Geneva is a French-Switzerland cross-border region that has implemented a transition policy
aimed at drastically increasing their share of PV energy production in their energy mix (Département
fédéral de l’environnement, des transports, de l’énergie et de la communication, 2018; Ministère de la
transition écologique et solidaire, 2018). This agglomeration includes two Swiss Cantons (the whole
Canton of Geneva, and a part of the Canton of Vaud) and two French Departments (parts of Haute
Savoie and Ain). Its main characteristics are the fact that it is comprised of an area of 2000 km2 and it
is home to 1 million inhabitants and 209 municipalities, the City of Geneva being its main urban center.
Greater Geneva plans to drastically increase its production of electricity through PV. To do so, the
agglomeration both seeks to expand the capacity of installed PV and encourages the deployment of
PV systems on their territory. It is in that context that the project G2Solaire “Grand Genève Solaire”
(Greater Geneva Solar) was launched in 2019.
This project is supported by the Swiss-French INTERREG V program as well as the local French authorities
and Swiss governments. It includes numerous partners such as the national/local electric power
distributors, local collectivities, actors of PV deployment, academics and universities. The aim of this
project is to increase the installation of solar energy in Greater Geneva through the development of an
advanced solar cadastre of the agglomeration and the mobilization of actors in pilot areas.
The solar cadastre of a city is a geographical interface that provides crucial information as to how much
solar energy is received by a roof, building, or home. It is often coupled with the local land register,
which provides a segmentation according to the ownership of the house/building part. Such cadastre
takes the form of a Geographic Information System (GIS) tool often managed by local collectivities.
Since 2011, the Canton of Geneva has developed its own solar cadastre as illustrated in Figure 2,
which is being extended to the whole agglomeration through the project G2Solaire. The left picture
represents an aerial view of a group of buildings. The picture, displayed on the Geneva Territory
Information System (the acronym being SITG in French, https://ge.ch/sitg/) in the middle represents
the raw irradiation calculated on the surfaces (taking into account the slope and aspect of the
surfaces and the mutual shadowing effects). Finally, the figure on the right-hand side corresponds to
a post-processed view of the middle picture in which the buildings and roofs are identified and the
PV production potential per roof is displayed. Detailed methodological information about the
production of the Geneva solar cadastre is given in Desthieux et al., 2018.

Figure 2 Illustration of the solar cadastre of the Geneva Agglomeration SITG
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The current cadastre provides some energy and economic information that is crucial to decide where
to implement PV systems. However, as was mentioned in the introduction, cities are complex
environments in which more criteria must be considered to better help decision makers know how
to deploy PV systems in an urban area.

3.2 Decision problem description
In the context of this work, field surveys and interviews were conducted with some of the project
partners as well as experts from the private sector, civil society and academic institutions. All these
actors had complementary expertise in the field of the urban implementation of PV systems.
Although the consultations revealed diverging motivations between some actors regarding the
implementation of PV systems, most actors were confronted with the following problem: considering
a set of buildings, which are the best suited to host PV systems? Such a problem is encountered for
example when a municipality that owns several buildings is looking for the most interesting rooftops
to deploy PV installations. A similar problem is encountered when a company or an investor considers
several building roofs that they own or that they could rent for PV systems.
Instead of considering emerging technologies for the present case, only polycrystalline PV is
considered, as it is amongst the most widely used technology, is essentially mature and has a
conversion efficiency of around 17%. Therefore, the problem considered here is not about the
technology of the PV system.
The final decision problem consists of ranking building roofs, which belong to a predefined set of
buildings, for the installation of a solar PV systems considering a range of technical, economic,
societal and environmental criteria.
Knowing that the number of buildings in the Greater Geneva is high (several tens of thousand) it has
been decided to restrict the study to a set of buildings that were selected in the Carouge district,
which is one of the better documented areas of the Greater Geneva.
The panels of experts that were consulted for the present work have revealed that different actors
can be implied in decision making processes involving the deployment of PV systems, namely, the
city council, architects, urban planners, private companies or/and environmentally aware
citizens/groups of citizens. These various actors have different points of view and interests. As a
consequence, the consideration of the criteria and their associated relative weights will be different.
To that aim, in the present work, four different Decision Groups (DG) were defined, that is:
• DG-1 Economically-driven group; this group is mainly composed of businesses or citizens whose
actions are centered around economic benefits.
• DG-2 Public/association/citizens; in this group the use of solar energy is more related to ideology,
environmental and societal concern. However, they often cannot afford to lose money, therefore
they aim at reaching small benefits or at least economic neutrality.
• DG-3 Early-adopters, ecologists or philanthropist, experimentalist; this group is composed of
actors that are less concerned about economic viability than they are about environmental, social
or society concerns.
• DG-4 Whereas all previous actors are rather centered on small scale investments, large scale
deployments such as those at city or regional scale require other expectations to be matched
especially regarding the electric stability grid issues. This group is therefore composed of actors
such as the local grid manager, electricity providers or the city itself.
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These different DGs may be considered as an oversimplification of the inherent complexity of the
concerned actors. However, they were considered by the different consulted experts as a reasonably
representative description of the Greater Geneva agglomeration stakeholders. For all DGs, it is
supposed that the criteria and the alternatives remain the same; however, the preference model
could change, especially the weights.
3.3

Considered alternatives

PV systems can be integrated on all types of building façades, including vertical façades. However,
the integration of PV systems on the roofs of building remains the most current practice because
of the lack of reliable energy and economic data regarding vertical facades. For that reason, only
roof integration will be considered here.
In an urban environment, the concept of “roof” must be clarified. Indeed, a large building can be
divided into different ownerships or co-ownerships, and therefore what would appear as an entire
roof can be split into different parts, belonging to different owners or group of co-owners. In the
present paper, a roof will be considered as the part of the entire building roof owned by a single
owner or group of co-owners according to the land-register (also called cadastre) of the city. This
is illustrated in Figure 3, in which a large building is divided into two “roofs”. It is not possible to
obtain the details as to the ownership of each building, which is why the official segmentation
proposed by the government is used here.

Figure 3 Illustration of the roof definition (a) aerial view of a roof of an entire
building (b) division of this roof into two sub-roofs (roof-1 and rood-2) according to the ownership

In order to be as thorough as possible, a wide range of roofs in the Carouge district is considered,
with heterogeneous physical characteristics including size, elevation, orientation, energy production,
uses and different areas. From this first set of roofs, a pre-selection is then carried out. Indeed, not
all the roofs are considered, and exclusion parameters are defined. Among them, the first one is the
energy productivity of the roof. Indeed, totally or partially shaded roofs are not interesting for the
installation of PV panels, as they would produce a low amount of energy, and would therefore be
economically and energetically not viable. The minimum amount of solar radiation threshold
considered here is 1000 kWh/year/m². It corresponds to a common value used in numerous solar
cadastres, including the one referred to here, which makes the selection of the best oriented and
irradiated roofs possible. Note that with the current decrease in the price of photovoltaic energy
concomitant with the global increase in the price of energy (International Energy Agency, 2017),
this threshold will probably be revised downward in the coming years. The second exclusion criteria
considered is the case of heritage buildings. Indeed, this case is very often a source of conflict and
highly depends on the local policy. Even if installing PV systems on heritage buildings is sometimes
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authorized, it implies great efforts of aesthetic integration and discussion with the local authorities.
Therefore, heritage buildings will be not be taken into account in this study. The roofs selected for
the present study as well as their characteristics are presented in Table 1.

Table 1 Physical characteristics of the pre-selected roof

3.4

Set of criteria definition

The determination of the relevant criteria is a key aspect in MCDA. As far as we know, the
consideration of the implementation of PV systems in urban environment through the use of MCDA
method is new. Therefore, no generic methodology has been proposed in the literature. For that
reason, the choice of the influential criteria will be determined on the basis of previous studies on
decision making:
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the previously established criteria regarding the implementation of PV solar farms in rural areas
(Charabi and Gastli, 2011), the consideration of different PV technologies for residential
applications (Huaylla et al., 2013);

•

the environmental and societal impact of the integration of renewable energies in urban areas
(Neves et al., 2018; Pohekar and Ramachandran, 2004; Wu et al., 2018);

•

renewable energies for electricity generation implemented in a urban environment (Seddiki and
Bennadji, 2019).

Because the present work involves a case study in Greater Geneva, the list of criteria was
progressively refined thanks to discussions and workshops with the experts mentioned at the
beginning of section 3.2.
Finally, nine criteria have been identified, organized in three categories: the Financial, the TechnicalEnergetic-Environmental and the Social. These criteria are detailed below.
3.4.1 c1 - PP
The Payback Period (PP) indicates the time, in years, necessary to amortize the initial investments
and therefore start making benefits. It depends on the investment as well as on the PV production
and the electricity buy-back proposed by the local energy retailer.
There are many factors that can affect the investment price. It depends on the technology of the
PV system, the electrical equipment required (inverter, electric meter, etc.), the size of the installed
surface, the mode of integration (integrated in the roof or superimposed on the roof), the robustness
of roof structures (i.e. is reinforcement needed in order to host PV panels?) or the local electrical
grid situation (modification or reinforcement of the local electrical grid capacity). Ideally, all these
factors are needed in order to estimate the investment.
Whereas the prices of PV systems and electrical equipment as well as that of the installation are relatively
standard and predictable, it is not the case of the price associated with the modification of the electrical
grid since it can vary because of, for instance, the deployment of long cables from the network to the
installation, the modification/reinforcement of the electrical facilities (size of the cables, maximum power
of the converter etc.). Thus, for these parameters, on-site study remains the most reliable approach.
However, in the present case, given the large amount of buildings that are taken into consideration, onsite studies cannot be done for each building. As a consequence, alternative approaches will be followed
to evaluate the impact of these two factors on the MCDA (sections 3.4.4 and 3.4.5).
In order to evaluate the investment price, a market study was carried out and the average prices
obtained for a French PV system in 2019 were plotted in a semi-log plot in Figure 4. Switzerland’s
prices are very similar. The red bars representing minimum and maximum values correspond to the
minimum and maximum values reported in the market study. This price distribution almost follows
a power law, plotted here by a dashed line, but for the rest of the study, piecewise-linear interpolation
was preferred to evaluate the prices of an installation. These prices correspond to all-inclusive prices
for an integrated PV system, for which only minor necessary electrical modifications of the grid
were done and for which no reinforcement of the roof structure is required.
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Figure 4 Estimated PV system price

Once the investment price is known, the PP can be calculated by use of a relatively advanced model
based on the TEC methodology of (Chabot, 1998) implemented in the CALSOL+ tool developed at
the Institute of Solar Energy (INES).
3.4.2 c2 - PV production rate
It corresponds to the amount of energy produced every year per square meter installed. The
evaluation of the solar potential relies on the 3D-Geographical Information System (GIS) models
developed at HEPIA Geneva and based on three-dimensional urban geometry data and solar
radiation models (Desthieux et al., 2018).
Note that, in this case, this criterion also quantifies the environmental benefits expected from PV
system integration. Indeed, given that the rate of PV production is expressed per square meter, it
is directly proportional to the energy efficiency of the system i.e. how much energy this system
produces per square meter. Given that a unitary square meter of PV system has a fixed
environmental cost that depends on the resources that are required for its manufacturing, transport,
usage and recycling, a certain area of PV systems with a high rate of PV production will have a better
environmental impact than the same area of PV systems with a lower PV production rate. As a matter
of fact, environmental indicators such as CO2 savings or the energetic return on investment are
almost directly proportional with the PV production rate.
3.4.3 c3 - Accessibility
This criterion assesses the accessibility of PV systems, either for the installation or for the
maintenance and cleaning that may be needed in some cases. This point was evaluated thanks to
the information available in the actual SITG database on the elevation and tilt of roofs.
3.4.4 c4 - Local electrical grid modification
Regarding the local electrical network, energy distributors such as ENEDIS in France offer a tool
that allows one to estimate the electrical connection cost. It appears that in dense areas such as
Genève and its direct urban neighborhoods, the local electrical network is very well developed.
Therefore, electrical connection costs are relatively low and almost the same for each building as
long as the power installed behind the local power transformer does not exceed a certain limit. As
mentioned in subsection 3.4.1, this cost is already included in the investment estimated in Figure 4.
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However, when large installations are deployed, the local electrical network must be considered.
Indeed, PV systems are connected to the local power transformer, the power of which can range
between 100 and 1000kVA in urban areas. In the present study, mostly small or medium size
installations for which no modification of the local grid is expected are considered. However, some
bigger installations for which extra work and therefore extra costs are needed will also be considered.
3.4.5 c5 – Robustness of structures
The robustness of structures can be estimated by analyzing the actual roof and the building function.
For example, for a building with a heavy roof covered with tiles, the PV system can be designed with
integrated PV panels replacing the roof tiles rather than superimposing PV panels on the existing
roof. The first solution is almost three times lighter than the second. The weight of PV systems can
also be compensated in the case of flat roofs with gravels by simply removing the equivalent gravel
weight. However, the problem of robustness may arise for large roofs that were not designed to
support weight. This is the case of covered swimming pools, gymnasiums or large warehouses, for
example. In this case, an additional study must be carried out to verify robustness, and sometimes
the reinforcement of the structure is needed, which necessarily increases the overall cost. That
criteria will therefore be evaluated based on the characteristics of the roof, which are observable
from the aerial view of the SITG.
3.4.6 c6 - Potential of local consumption
There is a large trend in developing local consumption (self-consumption) of energy, both for the
citizens as well as local and national authorities (Département fédéral de l’environnement, des
transports, de l’énergie et de la communication, 2018). To assess the potential of local consumption,
the electricity needs of the buildings as well as their production of electricity at a small time-step
are required (Luthander et al., 2015). In the present case, such temporally precise information cannot
be obtained on a large scale yet. Indeed, it is not always recorded, and when it is, laws on the privacy
of data make it very difficult to access. As a consequence, the potential of local consumption is
evaluated thanks to the activity of the building. The building hosting tertiary activities and businesses
are more likely to consume more electricity during working hours, and therefore sunny hours, than
residential buildings for which the consumption is higher at the beginning of the morning, the late
afternoon and evening.
3.4.7 c7 - Visual impact on the environment
The visibility of the solar systems is often mentioned as a potential obstacle to their installation.
This aspect is also very political in nature and depends on national legislations as well as on the
local urban context. Very often two main criteria are considered: the visibility of the PV system and
the sensitivity of the area. In France, PV system installation on heritage buildings and within a certain
radius from these buildings is subject to constraints and validation from national architects. These
constraints are however less strict if the system is installed in less visible areas. However, the visual
impact of a solar system remains subjective. Indeed, whereas some people find them disgraceful,
others associate them to greener cities and may also find them quite pleasant to look at.
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Figure 5 Visual impact in its environment “criticality” matrix as a function of visibility and sensitivity.
Credit (Probst and Roecker, 2015)

A similar classification as the one proposed by (Florio et al., 2018; Probst and Roecker, 2015) and
illustrated in Figure 5 is used. Moreover, Florio et al. (2018) proposed a map of a district of Greater
Geneva, the Carouge district, for which the sensitivity of the areas as well as the visibility of the PV
system are described. These results are therefore used in the present study.
3.4.8

c8 - The positive impact of social acceptance

In a context of a rapid deployment of PV systems, social awareness, acceptance and adoption
need to be considered. Indeed, different studies have shown that neighbor and peer effects
improved PV deployment (Graziano and Gillingham, 2014; Kausika et al., 2017; Noll et al., 2014).
Moreover, some of the consulted experts mentioned this criterion as a possibly influential one
when deciding on the location of a PV new site.
Note that this criterion has mainly been used in low-density areas such as rural or semi-rural areas
in which it is possible to find large areas in which no PV systems are installed. However, in an urban
area such as Geneva, the density of PV systems is significantly higher. Therefore, instead of
considering the presence or not of a PV system in a specific region, the density of PV systems
relatively to the density of the population seems to be a more relevant indicator. Rated from ‘Low’
to ‘High’, ‘Low’ means that the implementation may not have a social impact, often because of a
high density of PV panels in the area. On the contrary, ‘High’ means that the density of PV in an
area is low and the implementation of a PV would be more likely subject to local approval. In the
present study, the aerial images of the municipalities are inspected to determine the density of PV
systems in the neighborhood of the considered building.
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c9 - Competition/Interaction with other uses

This criterion evaluates the competition that may exist between the installation of a PV system
and other actions that could be implemented instead of or in parallel to a PV system. For example,
a flat roof with easy access could be used for urban gardens or roof-top restaurants and,
consequently, the competition on these specific spaces is high.
A tilted roof is more likely to be used for PV or thermal solar production and, consequently, the
competition is low. It is also possible for PV systems installed on low buildings to clash with the
surrounding vegetation, which contributes to the mitigation of urban climate (limitation of heat
island effects) but could impact PV systems power generation through shadow casting. This
criterion is evaluated thanks to the height of a building and roof inclination.
3.4.10 Summary of the criteria and decision matrix
All the adopted criteria are summarized in Table 2. The sources from which the information is
collected are also indicated. Particular attention was devoted to having an exhaustive list of criteria
and avoid repetition.
Criterion
Financial

Technical
Energetic
Environmental

Source

c1 – PP (year)

Figure 4 / CALSOL+ /AUTOCALSOL (INES)

c2 - PV production (MWh/an/m²)

SITG. ( Desthieux et al., 2018)

c3 – Accessibility

Roof characteristics (SITG)

c4 – Local electrical grid modification

ENEDIS/SIG

c5 – Structure robustness

Building/Roof characteristic (SITG)

c6 - Local consumption potential

Building activity (SITG)

c7 - Visual impact in its environment

Pietro et al. (Florio et al., 2018)

c8 - Social Positive Impact

District characteristic (SITG)

c9 - Competition with other usage

Roof characteristic (SITG)

Social

Table 2 Adopted criteria

By knowing the different criteria and set of alternatives, it is possible to provide the decision matrix
presented in Table 3. For instance, the cell B2, c1 corresponds to the evaluation of the second
criteria, PP being expressed in years, for the alternative B2.
The ‘L’ in cell B8, c5 means that Low modifications of the local electrical grid are expected for the
alternative B8. The colors from the lightest to the darkest are indexed with the value of the criteria
in order to allow for better readability. Many criteria can only be evaluated qualitatively on a scale
ranging from “Low” to “Very High”. ELECTRE III uses only numerical values, so these linguistic terms
must be converted into numerical values. In this work, these values range from 2 to 8, as showed in
Table 3 assuming that there is a meaningful difference between two consecutive levels for the DMs.
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c1

c2

c3

c4

c5

c6

c7

c8

c9

B1

10

0.12

H

VH

H

H

L

H

H

B2

13

0.1

VH

H

M

H

L

H

H

B3

16

0.15

M

M

H

H

H

H

M

B4

21

0.13

L

L

H

L

H

H

L

B5

14

0.18

M

M

H

M

L

H

L

B6

14

0.16

L

M

H

M

L

M

L

B7

15

0.13

M

M

M

M

L

M

M

B8

17

0.17

H

L

H

L

M

M

L

B9

18

0.15

M

L

L

M

L

M

M

B10

17

0.11

VH

M

M

L

L

L

L

VH: Very High - 8

VH: Very High - 6

M: Medium - 4

L: Low - 2

Table 3 Decision Matrix

3.5 ELECTRE III preference model definition
As mentioned in section 2.2, the preference model definition consists in defining the weight, the
thresholds for each of the considered criteria.
The weight of the different criteria has been evaluated for each of the DG (see section 3.2) based on
the authors and the consulted actors’ expertise and following a procedure inspired from the Simos
methodology (Simos, 1990). The obtained values were then discussed with the stakeholders and
adapted according to their comments, one set of weight corresponds to one DG. These values are
reported in the first four lines of Table 4). A similar approach was followed to define the thresholds
of indifference, preference and veto. In this case study, no veto threshold appeared to be relevant to
any of the stakeholders, which is in great part due to the fact that the pre-selection of roofs already
includes a sort of veto by disregarding the least energetically viable roofs as well as the heritage
buildings. It was also considered that all the DGs agreed on the same values of thresholds which are
presented in the three last lines of Table 4.
In Table 4, the term ‘ind’ refers to the indifference threshold below which two solutions are considered
as similar according to the evaluated criteria, ‘pref’ refers to the preference threshold above which
the difference allow to rank two alternative according to a criterion, and ‘dir’ indicates the ranking
direction. The colors from the lightest to the darkest are indexed with the value of the criteria in order
to allow a better readability.
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c1

c2

c3

c4

c5

c6

c7

c8

c9

DG-1

8

2

1

4

4

2

2

1

2

DG-2

4

4

2

3

4

4

3

3

3

DG-3

2

4

2

2

2

4

3

5

3

DG-4

3

4

2

5

2

4

4

4

3

ind

1

0.01

1

1

1

1

1

1

1

pref

2

0.02

2

2

2

2

2

2

2

dir

min

max

max

min

max

max

min

max

min

Table 4 Weights and thresholds for the different Group Decision

The cell DG-2, c9 corresponds to the weights that the group decision 2 gives to the criteria c9 i.e.
the social impact.

4 | RESULTS AND DISCUSSIONS
4.1

Results of the ranking

The previous data (decision matrix and preference model) are processed by using the webservice
called ‘diviz’ thanks to an adapted workflow.
The ranking of the alternatives for the different DGs are presented in Figure 6 by means of Hasse
diagrams, which allow the decision maker to represent a partial pre-order from a set of alternatives.
An arrow implies that an alternative is better than another one. Two alternatives at the same level
but separated (ex: B2 and B6 in DG-1) could be considered neither as indifferent nor better. Finally,
two alternatives in a same box such as B1 and B2 in DG-2 are considered as indifferent solutions. It
appears here that the different DGs yield different rankings. However, the B1, B5 and B6 alternatives
remain among the best alternatives in all cases, whereas B10 is considered as the worst alternative
for all DGs.
One can note that the alternative with the best PP, B1, is ranked first only for DG-1, just like B5. This
shows that the alternative that seems the most economically profitable may not be the best solution
when considering the complexity introduced by an urban environment
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Figure 6 Hass diagram results according to the different DG

4.2

Decision aiding under investment constraint

It is possible to go further in the process of decision making aiding, particularly when the deployment
of PV systems is limited by a frame which often corresponds to a given amount of money to invest in PV
systems. The case of the DG-1, which corresponds to a mainly economically driven decision, is
considered. The evaluation of the investment for the considered alternatives is obtained by using Figure
4 and is presented in Table 5. Moreover, in Table 5, the ranking of the alternatives is also reported.

Table 5 Investment price of the alternatives
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Considering an investment of 100 k€ ±10% the B5+B6 (90 k€) or B5+B6+B8 (110 k€) alternatives are
the best alternatives. For an investment of 150 k€, the B2 (140 k€) alternatives may be preferred to
the combination of B5+B6+B8+B3 (145 k€). For a greater investment of 400 k€, the two better ranked
alternatives B1 and B5 would be better. It is interesting to note that, with this type of constraint, the
best alternatives (here B1) would not be selected, as they are too big an investment compared to
smaller, less expensive and lesser ranked alternatives.
It can also be noted that, for similar financial constraints, different alternatives would be chosen
because of the difference in ranking generated by the differences between the DGs. It appears that,
for an investment around 140k€ (±5K€), the MCDA approach considers B2 as the best alternative for
DG-1 2 and 4, whereas it would rather suggest DG-3 to choose the combination of the B5, B6, B3
and B8 alternatives.
4.3

Discussion about GIS implementation of the model

As was shown in this work, by including different relevant criteria and considering different categories
of DMs, the ranking of the alternatives differs. However, in order for the present multi-criteria analysis
to be used on larger scale projects, it is necessary to make it more systematic.
This could be achieved by using a Geographical Information System (GIS) implementation of the
present model. A GIS model enables both the displaying of different layers of information based on
a geographical representation and interacting with this information. As a consequence, each criterion
mentioned in section 3.4 could be integrated as a layer of information.

Figure 7 Layer of data accessibility and precision

The users would then select the buildings of interests through the GIS interface. Then, the MCDA
model, such as ELECTRE III, needs to be implemented and finally a user-friendly interface would
provide the results. As part of the project from which this work is issued, it is the perspective of the
present MCDA model to be implemented in the GIS interface of the Greater Geneva solar cadastre.
However, the main problem to be addressed is related to the availability of data. Indeed, whereas
some data is easily accessible, such as the PV production rate, other is more difficult to assess
systematically (ex: structure robustness, local electricity grid).
An indicative representation of the quality and accessibility of data is presented in Figure 7. High
data accessibility means that the information is already provided in the current cadastre with a high
level of spatial resolution i.e. for each roof in the present case. It is the case of the PV production
(c2), which is the core output of the current cadastre, as well as the local-consumption potential (c6),
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which is evaluated on the basis of the building activity. The PP (c1) can be very easily calculated
using the available data and economic models such as the one proposed in Figure 4 and/or open
access tools such as CALSOL+ or AUTOCALSOL developed at INES. As to the local electrical grid
modification criteria, c4, it is possible to obtain a relatively precise estimation of the costs for each
building. However, this information is not available in open access and must be requested to the local
grid manager for each building. Therefore, it can’t be integrated as a layer of Information in a GIS
model yet. For that reason, the access to this information is low and not practical and, therefore, its
use remains very limited. The visibility data used in criteria (c7) is presently not available in open
access for the entire Greater Geneva.
In a further work involving a large-scale deployment of the present MCDA model, the accessibility of
the different layers of information must be assessed. However, some data may not be locally
accessible. In that case, the MCDA would be of lesser importance and a robustness study would need
to be carried out to assess the extent to which this lack of information impacts the present MCDA
model.
Regarding data precision, a “High” level means that data is precisely and quantitatively known for a
given building, whereas a “Low” level means that data is qualitatively estimated using strong
assumptions. In the present model, the definition of the qualitative scale with discrete levels (L, M, H,
VH) ensures that an alternative (for example VH) that is better evaluated than another alternative
(for example H) is undoubtedly better according to the considered criteria. This therefore contributes
to increase the concordance index. The establishment of thresholds is therefore subordinate here
as the ordinal scale of the levels guarantees the preference relation between the different levels.

5 | CONCLUSION
In this work, an MCDA approach has been used in order to tackle the problem of PV implementation
in an urban environment. This work is a case study conducted in the context of a Franco-Swiss project
in the Greater Geneva agglomeration (G2Solaire), a project that aims at intensifying the development
of the solar energy through the development of an improved solar cadastre of the region.
A literature review as well as a field study were first conducted in order to identify:
• The outranking method, here ELECTRE III, which is particularly suitable for MCDA analysis relative
to the territory,
• 9 decisional criteria belonging to three main categories; economic, energetic, and society,
• 4 different decision groups (DG), which represent different profiles of decision makers and for
whom the decisional criteria do not have the same weight in the ranking and therefore in the
potential decision.
The results were then presented, and it appeared that, considering the same set of buildings, different
rankings were obtained depending on the DG considered. It therefore appears that the MCDA
approach developed here is a relevant tool for the aiding process of the different DGs.
Finally, the extension of this original decision approach to a systematic GIS based tool was discussed
with the aim of being implemented in the final version of the solar cadastre of the Greater Geneva
agglomeration.
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